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Avian influenza virus HIN2 is prevalent in waterfowl and has become endemic in poultry in Asia and the Middle East. HON2
influenza viruses have served as a reservoir of internal genes for other avian influenza viruses that infect humans, and several
cases of human infection by HON2 influenza viruses have indicated its pandemic potential. Fortunately, an extensive surveillance
program enables close monitoring of HON2 influenza viruses worldwide and has generated a large repository of virus sequences
and phylogenetic information. Despite the large quantity of sequences in different databases, very little is known about specific
virus isolates and their pathogenesis. Here, we characterize a low-pathogenicity avian influenza virus, A/chicken/Israel/810/2001
(H9N2) (Israel810), which is representative of influenza virus strains that have caused severe morbidity and mortality in poultry
farms. We show that under certain circumstances the Israel810 hemagglutinin (HA) can be activated by furin, a hallmark of
highly pathogenic avian influenza virus. We demonstrate that Israel810 HA can be cleaved in cells with high levels of furin ex-
pression and that a mutation that eliminates a glycosylation site in HA, allows the Israel810 HA to gain universal cleavage in cell
culture. Pseudoparticles generated from Israel810 HA, or the glycosylation mutant, transduce cells efficiently. In contrast, intro-
duction of a polybasic cleavage site into Israel810 HA leads to pseudoviruses that are compromised for transduction. Our data
indicate a mechanism for an HIN2 evolutionary pathway that may allow it to gain virulence in a distinct manner from H5 and

H7 influenza viruses.

nfluenza A virus HIN2 was first isolated in the United States in

1966 in turkeys (1) and was subsequently found to be prevalent
among waterfowl and able to spread to poultry worldwide (2—4).
HON?2 avian influenza viruses have now become endemic in China
and the Middle East (3, 5, 6). The impact of HON?2 influenza virus
is not restricted to the poultry industry and avian species; sporadic
cases of humans infected by HIN2 have also been reported (7, 8).
HON?2 influenza virus is different from H5 and H7 influenza vi-
ruses, where some strains are defined as highly pathogenic by the
World Organization for Animal Health (OIE) based in part by the
presence of multiple basic amino acids in the hemagglutinin (HA)
cleavage site (9). All of the isolated strains of HON2 are of low
pathogenicity according to the OIE classification. Despite this,
several outbreaks of HON2 virus infections have caused serious
disease, and in some cases a high mortality rate, in domestic poul-
try farms (10-12). Several known reassortment events of HON2
with H5N1 mean that HIN2 influenza viruses have the potential
to be the donor or acceptor for more virulent influenza viruses
(13-15). Furthermore, some HON2 viruses have similar receptor
specificity as human influenza viruses (16). Due to the lack of
immunity of the global human population to H9 viruses, these
viruses are of some concern from the perspective of pandemic
potential for the human population (14, 17).

Influenza virus HA is an important pathogenesis determinant
of the virus and plays a crucial role in infection (18). Influenza
virus HA needs to be proteolytically cleaved at a defined cleavage
site to enable exposure of the fusion peptide during viral entry,
which initiates successful infection (19). In most cases, influenza
virus HAs have monobasic cleavage sites that contain a single ar-
ginine (Arg [R]) at the P1 cleavage position. Such cleavage sites are
typically activated by trypsin-like serine proteases (20). This re-
quirement restricts the tropism of influenza viruses to the types of
tissues that express the proteases for activation. In some situa-
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tions, highly pathogenic avian influenza viruses (HPAI) of the H5
and H7 subtypes have gained the ability to systemically infect the
host by facilitating the activation of their HAs. HPAI H5 HAs are
mutated to have multiple insertions of basic residues (Arg [R] or
Lys [K]) at the cleavage site, to gain a polybasic cleavage site, and to
make use of more ubiquitously expressed furin-like proteases
(20-22).

Furin is a member of the proprotein convertase family that is
ubiquitously expressed (23). Although furin is expressed univer-
sally, expression levels vary and can be quite low depending on
tissue types (24). Under specific conditions, including coinfec-
tions with other pathogens, furin expression is elevated (25-27).
Substrates of furin are mostly basic in nature, as determined bio-
chemically by fluorescence resonance energy transfer-based pep-
tide assays (28). The minimum sequence requirement of furin is
R-X-X-R, which consists of two paired arginine residues at the P1
(cleavage) and P4 position, where X can be any amino acid. How-
ever, the presence of a basic residue at P2 enhances furin cleavage
markedly (29). Interestingly, the consensus cleavage site of HON2
influenza virus is predicted to be capable of cleavage by furin, with
the sequence of R-S-S-R (serine [Ser or S]). Furthermore, a subset
of HIN?2 viruses have a mutated cleavage site (R-S-K-R or R-S-
R-R) that is predicted to be more optimized for furin cleavage
(30). However, several studies have shown that such HA se-
quences are not efficiently cleaved by furin (31, 32). The inconsis-
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tency of the biochemical prediction and the actual biological data
suggest that other factors may play a role in HA cleavage.

Influenza virus HA is a complex protein, folded in a tertiary
structure. In this situation, accessibility of the cleavage site to
proteases becomes as important as the primary sequence itself. A
notable example of this is the influenza virus A/chicken/Pennsyl-
vania/83 (H5N2) (H5 Penn/83) isolate, which becomes more
pathogenic after a single mutation at the bottom of the stalk of HA
(33). This mutation eliminates a glycosylation site, which is in very
close proximity to the cleavage site. The loss of the bulky sugar
moieties is thought to reduce the steric hindrance of the protease
to the cleavage site; thus, indirectly increasing the accessibility of
the cleavage site. In addition to the polybasic cleavage site, HPAI
H7 HAs contain a peptide insert upstream of the HA cleavage site
to increase the accessibility of the cleavage site to proteases (22). In
other situations (most notably with equine H7N7 viruses), the
addition of 11 amino acids adjacent to the cleavage site allowed
increased cleavage and fusion activation (34, 35), presumably by
repositioning and increasing accessibility of the cleavage site mo-
tif. The impact of these types of modifications for H9 influenza
virus has not been evaluated.

Here, we use a prototype HON2 virus (A/chicken/Israel/810/
2001 [Israel810]) with an R-S-K-R cleavage site and which is as-
sociated with high mortality in poultry. We characterize the pos-
sibility of HA activation by furin under different expression
conditions and in the context of addition of peptide inserts in the
HA cleavage site and removal of glycosylation at the base of the
HA stalk. In the present study, we found that the furin expression
level is directly proportional to the efficiency of HA cleavage, with
implications for viral spread in the host. We also found that the
removal of glycosylation site 13, a mutation already present in
certain HON2 field strains, leads to the efficient activation of
Israel810 by endogenous furin, showing the potential for a defined
constellation of mutations that impact HA activation. Our studies
allow better understanding of the virus at the biological level in the
context of influenza surveillance data and pandemic preparation.

MATERIALS AND METHODS

Cells, viruses, plasmids, and reagents. 293T/17 (CRL-11268) and
MDCK (CCL-34) cells (American Type Culture Collection [ATCC]) were
maintained in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 100 U of
penicillin/ml, 10 pg of streptomycin (Cellgro)/ml, and 25 mM HEPES
(Cellgro) at 37°Cin a 5% CO, incubator. DF-1 (CRL-12203), QT-6 (CRL-
1708), duck embryo (CCL-141), CGBQ (CCL-169), and LMH (CRL-
2117) were maintained according to ATCC recommended conditions.
The Israel810 HA gene was synthesized by GeneArt/Life Technologies
based on the sequence found in NBCI GenBank (accession number
ABS50802). All of the hemagglutinin genes were subcloned into the pEF4
vector (Invitrogen) with the addition of a C9 tag at the C terminus. Point
mutations were introduced by QuikChange site-directed mutagenesis kit
(Agilent) according to the manufacturer’s guidelines. Human furin and
chicken furin were cloned from A549 cells and DF-1 cells, respectively,
into pCMV-tagl (Agilent). TPCK-trypsin was obtained from Thermo
Scientific.

Cell surface biotinylation and Western blot. 293T cells were grown
on poly-p-lysine-treated 24-well plates to 60 to 70% confluence and trans-
fected with total 500 ng of plasmids using Lipofectamine 2000 (Invitro-
gen) for 18 h. The plates were kept on ice, washed with phosphate-buff-
ered saline (PBS), and incubated with Sulfo-NHS-SS-biotin (250 pg/ml;
Sigma) for 30 min. Excess biotin was quenched with glycine (50 mM) for
10 min. Cells were washed with PBS and then lysed by 1 X radioimmuno-
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precipitation assay (RIPA) buffer (Millipore) with Complete protease in-
hibitor cocktail tablets (Roche) for 10 min. Lysed cells were centrifuged at
18,000 X g for 20 min at 4°C, and the supernatant was collected and added
to 30 pl of a 50% suspension of streptavidin-agarose beads (Thermo),
followed by incubation at 4°C on a rotating shaker for 18 h to pull down
biotinylated proteins. The beads were washed three times with RIPA buf-
fer and resuspended in 30 pl of 2X Laemmli sample buffer plus 10%
B-mercaptoethanol for Western blotting. HA, and HA, bands were de-
tected by primary mouse a-C9 (ID4) antibody (BEI Resources, catalog
no. NR-3148) and secondary goat a-mouse conjugated to horseradish
peroxidase (Thermo).

Quantification of HA cleavage. Western blot images were captured
with a Fuji Film LAS-3000 imager. The pixel intensity of individual band
was measured using Image], and the relative cleavage efficiencies were
calculated by using the following equation: [(HA,/(HA, + HA,)] X 100.

Tunable expression of ch-furin and h-furin. Chicken furin (ch-furin)
and human furin (h-furin) were cloned into pPtunerC from Clontech using
the EcoRI and Sall restriction sites. pPtunerC-ch-furin-DD or pPtunerC-h-
furin-DD (200 ng) were cotransfected with pEF4-Israel810HA (300 ng) into
293T cells. Shield 1 (Clontech) was added at 6 h posttransfection, and surface
biotinylation and Western blotting were performed as described above.

siRNA knockdown assay. 293T cells were grown on poly-p-lysine-
treated 24-well plates to 60 to 70% confluence and cotransfected with
pEF4-HA plasmids and either ON-TARGETplus nontargeting small in-
terfering RNA (siRNA) or ON-TARGETplus furin siRNA (Thermo) us-
ing DharmaFECT Duo (Thermo) for 24 h according to the user manual.
Half of the cells were used to perform surface biotinylation to determine
HA cleavage. The other half of the cells was harvested for quantitative
reverse transcription-PCR (qRT-PCR) to determine the knockdown effi-
ciency.

Quantitative reverse-transcribed qRT-PCR. Approximately 10° to
107 cells were harvested and spun down at 300 X g for 5 min at 4°C. Total
RNA from the cell pellet was purified by using an RNeasy minikit (Qia-
gen) according to the manufacturer’s instructions. The RNA concentra-
tion was measured by using a UV spectrophotometer Q3000 (Quawell),
and the quality was confirmed by using a 260/280-nm ratio, with the ratio
values ranging between 2.1 and 2.2. One-step qRT-PCR was performed
using QuantiTect SYBR green RT-PCR kit (Qiagen) according to the user
manual with 50 ng of RNA input. Human furin primers were acquired
from PrimerBank (http://pga.mgh.harvard.edu/primerbank/) (36-38).
Primer pairs for h-furin (PrimerBank ID 20336193c1), primers for hu-
man glyceraldehyde-3-phosphate dehydrogenase (h-GAPDH), ch-furin,
and ch-GAPDH were ordered from QuantiTect primer assays (Qiagen).
Reactions were set up on ice on a 96-well plate and run immediately using
an Applied Biosystems 7500 Fast Real-Time PCR system. The amplifica-
tion plot and dissociation curves were analyzed by using 7500 Fast Real-
Time PCR software to determine the threshold cycles and the dissociation
of each sample. Furin expression level was compared relatively to GAPDH
expression and normalized to either 293T cells alone (see Fig. 6C) or no
siRNA treatment (see Fig. 4C). The 2 AACT yalue was calculated as de-
scribed previously (39).

MLV-based influenza PV transduction assay. To produce murine
leukemia virus (MLV)-based pseudoviral particles (PVs), 293T cells were
grown on 12-well plates to 50 to 60% confluence and transfected with
MLV-gag-pol (350 ng), pTG-luc (500 ng), A/chicken/Korea/MS96/1996
(accession number AAF10404) neuraminidase (NA) (350 ng), HA (350
ng), and furin plasmids (350 ng, specified in each individual experiment)
for 48 h using Lipofectamine 2000. Supernatants were harvested and fil-
tered through a 0.45-pm-pore-size filter to remove any cell debris. The
filtered supernatants containing PVs were treated with or without trypsin
(3 pg/ml) as specified in each experiment for 15 min at 37°C to allow HA
activation. After activation, excess trypsin activity was neutralized by ad-
dition of a 1:1 ratio of RPMI containing trypsin inhibitor from Glycine
max (soybean; Sigma-Aldrich). MDCK cells were grown on 24-well plates
to 60 to 70% confluence and infected in duplicate by 200 .l of PV-RPMI
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A Cleavage site

P2P1 P1’

H9 consensus
A/Duck/Hong Kong/W213/1997
A/Chicken/Hong Kong/G9/1997

A/Turkey/Wisconsin/1/1966 L.V,
A/Turkey/Israel/810/2001 ....K.
A/Ostrich/Eshkol/1436/2003 ....K.
A/Quail/Shantou/2061/2000 ....R.
A/Chicken/Israel/786/2001 ....N.
A/Turkey/Israel/747/2005 ....G.
B
Accession # Strain Name
ABP48866 Alturkey/Avigdor/1209/03
AAZ14983.1 Alturkey/Avigdor/1215/03
AAZ14991 Alturkey/Givat Haim /622/02
AAS48376.1 Alturkey/Givat Haim /810/01
AAZ15000.1 Alturkey/Givat Haim/868/02
AAW 29076 Alturkey/Givat Haim/965/02
AAZ14988 Alturkey/Kfar Vitkin/615/02
AAZ14989 Alturkey/Kfar Vitkin/616/02
AAZ14984.1 Alturkey/Kfar W arburg/1224/03
ABS50798 Alturkey/lsrael/619/02
ABS50802 Alturkey/lsrael/810/01
ABS50806 Alturkey/lIsrael/1013/02
ABS50807 Alturkey/lIsrael/1209/03
AAZ14992.1 Alturkey/Yedidia/625/02
AAZ14977 Alturkey/Yedidia/911/02

Activation of Avian Influenza Virus HON2 by Furin

Fusion peptide

PiTou-Score
-PARSSR GLFGAIAGFIEGGWSGLVAGWYG-
....................... 3.72
....................... 3.72
.............. P........ -27.00
.............. P........ 9.14
.............. P.o....... 9.14
.............. P.o....... 8.97
.............. P........ -22.27
.............. P........ 2.84
Accession # Strain Name
AAZ14979 Alturkey/Avichail/1075/02
AAZ15002.1 AlTurkey/Beit HaLevi/1009/02
ABP48870 Alturkey/Brosh/1276/03
AAZ14980.1 Alturkey/Ein Tzurim/1172/02
ABP48864 Alturkey/Hod Ezyon/699/02
AAZ14990 Alturkey/Mishmar Hasharon/619/02
ABP48865 Alturkey/Naharia/1013/02
ABP48867 Alturkey/Qevuzat Yavne/1242/03
AAZ14981.1 Alturkey/Sapir/1199/02
AAW 29080 Alostrich/Eshkol/1436/03
ABP48863 Alchicken/Kfar Monash/636/02
AAZ14997 Alchicken/Tel Adashim/812/01
AAZ14999 Algeese/Tel Adashim/830/01
AAZ14998 Algeese/Tel Adashim/829/01

FIG 1 (A) Multiple sequence alignment of H9 HA. A total of 2,801 sequences obtained from NCBI Influenza Database (http://www.ncbi.nlm.nih.gov/genomes
/FLU/FLU.html) were aligned by the MUSCLE alignment program. The HA cleavage site from P6 to P1 and the fusion peptide are shown. HOHA consensus
sequence is indicated in boldface; underneath it are representative strains where sequence differences from the consensus H9 HA are indicated by the single-letter
amino acid code. Representative strains and their accession numbers are as follows: A/duck/Hong Kong/W213/1997 (BAG72217), A/chicken/Hong Kong/G9/
1997 (AAF00701), A/turkey/Wisconsin/1/1966 (BAA14335), A/turkey/Israel/810/2001 (ABS50802), A/ostrich/Eshkol/1436/2003(AAW29080), A/quail/
Shantou/2061/2000 (ABM46232), A/chicken/Israel/786/2001 (ABS50800), and A/turkey/Israel/747/2005 (ABS50799). Pitou furin prediction scores of the
representative strains, where positive values indicate favorable cleavage by furin with the value proportional to the predicted efficiency of cleavage of a given site,
are listed. (B) Summary of strains harbors the same mutation as Israel810. This information was current during the preparation of the manuscript (August 2013).

mixture for 1 h. Then, 500 wl of DMEM plus 2% FBS, HEPES, and peni-
cillin-streptomycin was added to each well, followed by incubation for 48
h for transduction. Cells were lysed by using 1X cell culture lysis reagent
(Promega) for 1 h at room temperature on a rocker. The transduction
efficiency is measured as relative light units (RLU) using a GloMax-20/20
luminometer (Promega) by mixing 10 pl of lysate and 20 pl of luciferase
assay reagent (Promega).

RESULTS

Minimum furin cleavage site in H9 HA. Based on a multiple se-
quence alignment analysis of a total of 2,801 sequences of HIN2
HA from the Influenza Research Database (FluDB), the consensus
sequence of the HON2 cleavage site was determined to be R-S-S-R
(Fig. 1). However, the HA cleavage site of H9 influenza viruses is
somewhat variable, particularly at the P2 position, which has pre-
dominant substitutions of lysine (K), arginine (R), asparagine
(N), and glycine (G). Although R-S-S-R constitutes a minimal
furin cleavage site, it is notable that a substantial number of iso-
lates (29/2801 [1%]) have a single Lys (K) substitution at the P2
position of their cleavage site, S321K (based on H3 numbering),
that is predicted to be a more optimized substrate for furin (32).
Predictive scores for furin cleavage are shown in Fig. 1, based on
the Pitou 2.0 furin cleavage prediction algorithm (40). Pitou 2.0
accurately predicts furin cleavage sites by taking into account sol-
vent accessibility and binding strength of residues of protein se-
quences. A sequence with a negative score is considered to be
unfavorable for furin recognition and cleavage, while a positive
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score is predictive of furin cleavage, with higher values being more
predictive.

Israel810 HA (with R-S-K-R cleavage site) is predicted to be
cleaved by furin, with the highest score of +9.14 among all of the
H9 sequences. In comparison, HPAI A/Chicken/Hong Kong/220/
1997 (H5N1) has a score of +13.59 (data not shown). Wiscon-
sin1966 (V-S-S-R) has a negative score, which indicates that it is
not able to be cleaved by furin, and the consensus sequence (R-S-
S-R) has a score of +3.72. Viruses containing the S321K mutation
are clustered in the Middle East and are responsible for several
outbreaks in local poultry farms infecting a wide range of avian
species (Fig. 1B) (41). The full list of strains containing the 321K
substitution, along with their accession numbers, are shown in
Fig. 1B. A/Chicken/Israel/810/2003 (HIN2) was selected as a pro-
totype virus representing H9 viruses with the 321K substitution
within the Middle East.

Israel810 HA can be cleaved by furin, but cleavage depends
on furin expression level. To examine the effect of the 321K sub-
stitution in Israel810 HA, a revertant HA (321S) with the cleavage
site R-S-S-R was generated by site-directed mutagenesis. This HA
was examined by Western blot, along with the wild-type (WT)
HA, following cell surface biotinylation of 293T cells. Neither HA
type was cleaved by an endogenous protease, predicted to be furin,
in 293T cells (Fig. 2A). We hypothesized that endogenous levels of
furin may be very low in 293T cells and so not enough for efficient
HA cleavage. To test this, plasmids containing HA and either hu-

jviasm.org 1675


http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html
http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html
http://www.ncbi.nlm.nih.gov/nuccore?term=BAG72217
http://www.ncbi.nlm.nih.gov/nuccore?term=AAF00701
http://www.ncbi.nlm.nih.gov/nuccore?term=BAA14335
http://www.ncbi.nlm.nih.gov/nuccore?term=ABS50802
http://www.ncbi.nlm.nih.gov/nuccore?term=AAW29080
http://www.ncbi.nlm.nih.gov/nuccore?term=ABM46232
http://www.ncbi.nlm.nih.gov/nuccore?term=ABS50800
http://www.ncbi.nlm.nih.gov/nuccore?term=ABS50799
http://jvi.asm.org

Tse et al.

A WT 3218 129 Endogenous Furin
x
- S
(] - ‘é’,g 9
s
©
<
o o
s
E
<
=
HA,— Towr 3218
B 80 Human Furin
WT 3218 -
HA— - - % 60
E Kk
5 40
<
==
* 204
HA,— - 0-
WT 3218
C P — g0~  Chicken Furin
HA= - - 2 60-
g Kk
>
3
O 404
<
==
x 204
HA= —— 0
WT 3218
D _ WT HA
ch-furin-DD h-furin-D
Shield1
[h(M[ 0 125 250 500 1000 _O 125 250 500 1000

HA,— et ————
E
100+ Israel810 HA o

o 80-

o

g

© 60

K

O

< 401

I

S 20- -o- ch-Furin

== h-Furin

T 1 T T 1
0 200 400 600 800 1000
[Shield 1 nM]

1676 jvi.asm.org

man furin (h-furin) or chicken furin (ch-furin) were cotrans-
fected in 293T cells. Western blot analysis showed that WT HA
was able to be efficiently cleaved by either human or chicken furin,
whereas the 321S revertant was not (Fig. 2B and C). Israel810
(WT) HA showed 40 and 52% HA cleavage by h-furin and ch-
furin, respectively.

Chicken furin has higher processivity than human furin on
Israel810 HA. The above data suggested that chicken furin has a
higher processivity than human furin in cleaving HON2 avian in-
fluenza virus HA (Fig. 2B and C). To test this observation in a
more systematic way, we constructed two tunable expression plas-
mids for ch-furin and h-furin using the ProteoTuner Shield Sys-
tems (Clontech). By fusing the destabilization domain (DD) from
the immunophilin FK506-binding protein to the C terminus of
each furin, overexpressed furin-DD is degraded by default in pro-
teasomes. Furin-DD can be protected by adding Shield 1, a stabi-
lizing ligand that binds to the DD and prevent it from degradation.
Therefore, furin-DD stability can be fine-tuned by the addition of
different amounts of Shield 1 into the transfection mix, since the
concentration of Shield 1 is directly proportional to the level of
overexpressed furin in the cell. Furin-DD and Israel810 (WT) HA
were cotransfected into 293T cells supplemented with different
concentrations of Shield 1 as described in Materials and Methods.
Biotinylation and Western blot analysis showed that HA cleavage
is proportional to the concentrations of Shield 1 for both ch-furin
and h-furin, where ch-furin showed a higher percentage of HA
cleavage than h-furin (Fig. 2D). Quantification of the HA cleavage
showed that ch-furin has a higher processivity than h-furin on WT
HA and was statistically significant at >500 nM Shield 1 added
(Fig. 2E).

Analysis of glycosylation sites close to the cleavage site of
HI9N2 HA. Since furin-mediated cleavage of Israel810 HA was
shown to occur, we examined possible ways for this process to be
more efficient. We first assessed likely scenarios for increased
cleavage site accessibility via the loss of glycosylation. Three HON2
isolates have mutations at the bottom of the stalk region of HA,
which accordingly eliminates the consensus, N-X-S/T motif for
N-linked glycosylation (Fig. 3A). According to a homology model
of Israel810HA generated by Swiss-Model (42, 43) and Glyprot
(http://www.glycosciences.de/modeling/glyprot/php/main.php),
and based on the crystal structure of A/Swine/Hong Kong/9/1998
HYN2 (PDB 1JSD), glycan 13 is very close to the HA cleavage site
(Fig. 3B). Due to such close proximity, this particular glycosyla-

FIG 2 Cleavage of Israel810HA and Israel810HA-321S by endogenous pro-
tease, human furin (h-furin), and chicken furin (ch-furin). (A) Representative
Western blot images of HA cleavage by cell surface biotinylation of
Israel8 10HA-WT (WT) and Israel8 10HA-321S (321S) in 293T cells are shown.
The HA, and HA, bands are labeled. Quantification and statistical analysis
results of HA cleavage from the blot are shown on the right. Error bars repre-
sent one standard deviation (SD) from at least three independent experiments.
The data were analyzed by one-tailed Student ¢ test (*, P < 0.05; **, P < 0.01;
***, P < 0.005). (B) Representative Western blots and quantification of WT
and 321S HA cleavage by transiently cotransfecting HAs and plasmids express-
ing h-furin and (C) cf-furin into 293T cells. Error bars represent one SD from
at least three independent experiments. Statistical analysis and notations were
as described for panel B. (D) Representative Western blot image of surface
biotinylation of WT HA cleavage by tunable furin expression system in 293T
cells. The concentrations of Shield 1 are indicated at the top of each lane, and
HA, and HA, bands were labeled as described for panel B. (E) Quantification
of HA cleavage shown in panel D. The data were analyzed by one-tailed Stu-
dent t test as described for panel B.
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FIG 3 (A) Multiple sequence analysis of H9 HA. Sequence alignment and
analysis were performed as in Fig. 1A, amino acids 10 to 18, containing an
N-linked glycosylation site (NST), is shown. The H9 HA consensus se-
quence is indicated in boldface; underneath that are three strains where a
single mutation eliminates the potential glycosylation site. Strain names
and their accession numbers are as follows: A/chicken/Iran/THLBMS865/
2007 (ACY25800), A/chicken/Guangdong/11/1999 (ACH95446), and
A/pheasant/Shantou/4709/2003 (ABV48004). (B) Homology modeling of
Israel810 HA by Swiss-Model based on A/Swine/Hong Kong/9/1998 HON2
(PDB 1JSD). The bottom of the stem region of a HA monomer is illustrated
in diagram form, wherein HA, is green, HA, is cyan, and the fusion peptide
is red. The P4 position of HA cleavage site (Arg319) is magenta, and glycan
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tion is likely to affect HA activation by sterically hindering pro-
tease accessibility to the HA cleavage site. An equivalent mutation
was found on A/chicken/Pennsylvania/83 (H5N2) and was asso-
ciated with increasing HA activation and thus the pathogenesis of
the virus (34, 35). A similar mechanism has also been found on
mouse-adapted influenza virus, with an increase in virulence of
the virus (44). To further characterize this mutation in the context
of H9 HA, we chose to characterize the T15P mutation that was
found in two natural isolates: A/chicken/Iran/THLBMS865/2007
and A/chicken/Guangdong/11/1999.

HA cleavage of Israel810HA AGlycol3 in 293T cells by en-
dogenous protease(s). From the previous data, the Israel810 R-S-
K-R cleavage site is not able to be cleaved by endogenous furin (see
Fig. 2A). We predicted that the loss of glycosylation site 13
(AGlyco13) would likely enhance HA cleavage. To test this hy-
pothesis, two constructs were made and tested after cell surface
biotinylation of 293T cells. Western blot analysis showed that
“Israel810HA A glycosylation 13” (WT AGlyco13) can be cleaved
by endogenous protease(s) in 293T cells, with ca. 10% of its HA
being cleaved which supported our hypothesis. In contrast 321S
AGlyco13 remains intact in its uncleaved form in 293T cells (Fig.
3C). Cleavage of both AGlyco13 HAs is furin dependent, since the
overexpression of hu- or ch-furin increases the percentage of HA
cleavage. WT AGlyco13 showed 80 and 90% HA cleavage by h-furin
and ch-furin, respectively, whereas 321S AGlycol3 showed 38 and
50% HA cleavage by h-furin and ch-furin, respectively (Fig. 3D). In
general, ch-furin showed slightly higher cleavage efficiency than h-
furin on all of the HAs tested (Fig. 2B, 2C, and 3D).

Furin is responsible for the cleavage of Israel810 HA. To con-
firm that the endogenous protease cleaving HA in 293T cells is furin,
an siRNA knockdown assay was performed by cotransfecting WT
AGlyco13 with siRNA targeting h-furin (sih-furin). Western blot
data showed that sih-furin decreased the cleavage level from 13%
(mock transfected) and 10% (nontargeting siRNA) to 2%, suggesting
that furin is the cellular factor that is responsible for HA cleavage in
293T cells (Fig. 4A and B). 321S AGlycol3 was used as a negative
control of HA cleavage and showed no detectable HA cleavage in all
three siRNA treatments (Fig. 4A and B). Control of knockdown was
also examined by qRT-PCR. The knockdown efficiency was ca. 50%
compared to the mock-transfected control (Fig. 4C). The specificities
of qQRT-PCR products were monitored in dissociation curves (data
not shown), and the PCR products were run on 1% agarose gel for
confirmation (Fig. 4C).

HA PVs are activated by endogenous furin. To confirm that

(Glyco13) is illustrated in stick form in standard CPK colors. The closest
distance between Arg322 and Glycan13 was determined by PyMol to be 5.4
A. (C) HA cleavage of Israel810HA and Israel§10HA-321S with a constel-
lation of mutations T15P (AGlyco13) by endogenous proteases in 293T
cells. Representative Western blot image of HA cleavage by surface bioti-
nylation of Israel810HA-T15P (AGlyco13) and Israel810HA-T15P-K321S
(321S AGlycol3) in 293T cells. HA, and HA, bands are labeled as indi-
cated. Quantification and statistical analysis results of HA cleavage from
the blot are shown on the right. Error bars represent one SD from at least
three independent experiments. The data were analyzed by one-tailed Stu-
dent £ test (*, P < 0.05; **, P < 0.01; ***, P < 0.005). (D) Representative
Western blots and quantification of AGlyco13 and 321S AGlyco13 cleavage
of transiently cotransfecting HAs and plasmids expressing h-furin and ch-
furin into 293T cells. Error bars represent one SD from at least three inde-
pendent experiments. Statistical analysis and notations were same as for
Fig. 2A.
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FIG 4 HA cleavage of WT AGlycol3 by endogenous furin in 293T cell. (A)
Representative Western blot image of HA cleavage by surface biotinylation in
293T cells. Pools of siRNA targeting h-furin (siFurinl-4 [h-furin]), pools of
nontargeting siRNA (siNon-target [non-target]), and siRNA resuspending
buffer (simock [mock]) were cotransfected with WT AGlyco13 into 293T cells
as described in Materials and Methods. (B) Quantification and statistical anal-
ysis of HA cleavage from Fig. 4A. Error bars represent one SD from at least
three independent experiments. (C) Verification of knockdown effect of furin
after siRNA treatment. 2~ 2“7 values for h-furin and h-GAPDH were deter-
mined by qRT-PCR normalized to mock treatment. On the right, the cDNAs
of h-furin and h-GAPDH from qRT-PCR were evaluated on a 1% agarose gel.
Error bars represent one SD from three different experiments. Statistical anal-
ysis and notation are as described for Fig. 2A.
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HA cleavage results in a functional outcome for infection, a PV
transduction assay was performed to indirectly quantify HA acti-
vation/fusion efficiency. PVs with influenza virus HA and NA on
their surfaces were produced in 293T cells and were used to infect
MDCK cells. PV infectivity after different treatments is indicated
as relative light units (RLU). Trypsin treatment, which activated
all of the PVs, was used as an internal control for the total amount
of PV being produced. The fold differences between trypsin treat-
ment and no treatment are indicated at the top of each column
pair in Fig. 5 and were used as an indirect measurement of HA
activation efficiency. All of the trypsin-treated PVs showed a high
RLU value (10”), indicating robust production and transduction
of the PVs for all of the HAs tested. The no treatment group re-
vealed a background level (10°), which indicated no or very little
activated particles. The fold difference for trypsin-treated WT
AGlycol3 is 4,400 times higher than that without trypsin treat-
ment. Although there is a 3-log difference for WT AGlycol3, it is
slightly lower than the other three groups. The relatively low fold
difference of WT AGlyco13 HA indicates that it can be activated
by endogenous furin slightly better than the other three HAs
(Fig. 5A).

HA pseudovirus particles are activated by overexpression of
h-furin and ch-furin. To test the functionality of HA activation
under overexpression of h-furin and ch-furin, a PV infection assay
was performed as described above, except that the PVs were pro-
duced in 293T cells transiently transfected with either ch-furin or
h-furin. Under both conditions, all four PVs are able to show high
transduction level (10° to 10’ RLU) after trypsin treatment, indi-
cating the successful production of PV (Fig. 5B and C). In general,
the readings of PVs of the two AGlycol3 HAs are ~1 log lower
than the WT HA. Of all of the HAs we tested, only 321S cannot be
activated by overexpression of h-furin and ch-furin, as reflected by
low RLU values (10° to 10*). WT AGlycol3 reveals 10° RLU re-
gardless of trypsin treatment, indicating all of the PVs are acti-
vated before the addition of trypsin. Furthermore, WT HA also
shows a very little fold difference between trypsin-treated or non-
trypsin- treated conditions with a 5.6-fold difference in h-furin
and a 14-fold difference in ch-furin. 321S AGlyco13 shows mod-
erate level of activation by h-furin and ch-furin with a 57-fold
difference for h-furin and a 510-fold difference for ch-furin.

HA cleavage in avian cell lines correlates with furin expres-
sion level. HON2 virus mainly infect avian species. Therefore, to ex-
amine the cleavage of Israel810 HA in cell lines reflecting its natural
tropism, we examined the HA activation pattern in different avian
cell lines. We performed surface biotinylation using chicken fibro-
blast (DF-1), quail fibroblast (QT-6), and chicken heptocellular car-
cinoma (LMH) cells. Similar to 293T cells, all of the cell lines support
HA cleavage of WT AGlyco13. QT-6, DF-1, and LMH allow 10, 55,
and 66% of HA cleavage, respectively, compared to 10% cleavage in
293T cells (Fig. 6A and B). None of the other three HAs were activated
in these cell lines (Fig. 6A and B). The mRNA levels of furin relative to
GAPDH of these avian cell lines were determined by qRT-PCR and
were normalized to 293T cells. The reported 2~ *4" values show that
furin mRNA levels of DF-1, QT-6, and LMH were 1-, 1.25-, and
1.5-fold higher than those of 293T cells, respectively (Fig. 6C). The
cleavage efficiency correlates well with the relative mRNA level of
furin in these cell lines.

Substitution of the H9 cleavage site by HPAI H5 and H7
cleavage sites. Another possibility for increased HA cleavage is the
insertion of additional basic residues in the cleavage site, as typi-
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FIG 5 Luciferase-based pseudoviral particle (PV) assay of Israel810HA and
mutants produced in cells expressing either endogenous level or overexpress-
ing ch- or h-furin. (A) Quantitative HA-mediated PV transduction assay in
MDCK cells. MLV-based PVs with HA and NA on the surface were produced
in 293T cells as described in Materials and Methods. Harvested supernatants
were either trypsin activated or mock activated before infecting MDCK cells.
Infections were performed in duplicates on MDCK cells for 2 days. The cells
were lysed, and the relative light units (RLU) were measured after the addition
of luciferin. The fold differences between trypsin and nontrypsin treatments
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fied by H5N1 and H7N7 viruses. According to all the H9 HA
sequences in the influenza virus database, H9 HAs have not been
reported to contain any polybasic cleavage sites, mimicking H5 or
H7 HPAL To test whether H9 HA is able to accommodate such
modification, we substituted the original H9 cleavage site of
Israel810 with H5 and H7 HPAI cleavage sites (Fig. 7A). Three
constructs were made to mimic the H5N1 HPAI polybasic cleav-
age site (PB), the 1l-amino-acid insertion mimicking HPAI
H7N3 isolated in British Columbia in 2004 (45) with a dibasic
cleavage site (Insert+DB) or the same insertion with a tribasic
cleavage site (Insert+TB) (Fig. 7A).

Cell surface biotinylation and Western blot reveals that PB,
Insert+DB and Insert+TB were all able to be cleaved by endoge-
nous furin in 293T cells, in contrast to WT HA shown in earlier
experiments (Fig. 7A). The cleavage efficiency varies on different
constructs with Insert+TB, with 85% being the highest HA cleav-
age efficiency. High efficiencies of HA cleavage, 58 and 56%, were
also observed for PB and Insert— DB, respectively (Fig. 7B and C).
The results of a quantitative PV transduction assay were consistent
with those of the biotinylation assays. In general, all constructs
were able to incorporate into PV, as shown in trypsin-treated con-
trols. PVs of PB and Insert+TB HA were completely activated
with only 2.4- and 2.1-fold differences regardless of trypsin treat-
ment. Insert+DB was activated by furin very well with only a
180-fold difference between treatments. The small differences be-
tween treated and untreated samples for all of the HAs indicated a
trypsin-independent activation mechanism similar to HPAI (Fig.
7D). Overall, the results of the PV assay corresponded very well to
those of the HA cleavage assay and demonstrate that H9 HA is able
to accommodate all modifications found in HPAL

Multiple factors related to the envelope glycoprotein, includ-
ing stability, expression level, rates of incorporation, receptor
binding affinity, and fusion activity, can affect PV transduction
efficiency. WT Israel810 HA and AGlyco13 HA PVs gave readings
of ~10” RLU when transducing MDCK cells, indicating similar
properties of both HAs at the level of the virion (Fig. 7E). In con-
trast, all of the PVs with H5 and H7 HPAI-mimicking HAs showed
relatively lower readings of approximately 10* to 10° RLU when
transducing MDCK cells. These drops in transduction efficiency
suggest that the infectivity of such PVs is compromised (Fig. 7E)
and indicate a decrease in viral fitness compared to Israel810 HA
and AGlycol3 HA.

DISCUSSION

We focused on the cleavage activation of A/chicken/Israel/810/
2001, an avian influenza virus with a distinct tribasic cleavage site
(R-S-K-R) that is predicted to be cleaved by furin and yet is not
defined as highly pathogenic avian influenza virus (HPAI).
A/chicken/Israel/810/2001 is representative of viruses with this
cleavage site in an epizootic transmission of influenza in the poul-
try population of Israel between 2001 and 2005 (46). Other H9

are shown at the top of each column pair. Error bars represent one SD of three
independent experiments. (B and C) Quantitative HA-mediated PV infection
assay in 293T cells expressing h-furin (B) and ch-furin (C). PVs with HA
and NA on the surface were produced in 293T cells overexpressing h-furin and
ch-furin. Harvested PVs were used to infect MDCK cells in duplicate, and
infection was monitored by determining the RLU after addition of luciferin as
described in Fig. 5A. Error bars represent one SD of three independent exper-
iments. Statistical analysis was performed as described for Fig. 2A.
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FIG 6 HA cleavage by three different avian cell lines with various levels of furin expression. (A) Representative Western blot image of HA cleavage by surface bio-
tinylation of three different cell lines: quail embryonic fibroblasts (QT-6), chicken embryonic fibroblasts (DF-1), and chicken primary hepatocellular carcinoma
epithelial cells (LMH). (B) Quantification and statistical analysis of HA cleavage from Fig. 6A. Error bars represent one SD from at least three independent
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represent one SD from three different experiments starting from RNA extraction. Statistical analysis and notation are described as described above.

viruses with tribasic cleavage sites also meet a similar criteria for
furin cleavability without classic HPAI definition (e.g., A/quail/
Shantou/2000 with a R-S-R-R cleavage site); however, we chose to
study A/chicken/Israel/810/2001 since it is representative of a dis-
tinct lineage of H9 viruses with an identical HA cleavage site (29
sequences isolated in Israel over the period from 2001 to 2003). In
contrast, quail/Shantou-like viruses with an R-S-R-R cleavage site
have only been isolated very sporadically in the field (two isola-
tions in China separated by >10 years, in 2000 and 2011). In
addition, an R-S-K-R sequence represents a slightly more opti-
mized furin cleavage motif than R-S-R-R (Pitou scores of 9.14 and
8.97, respectively). We found that the HA of A/chicken/Israel/810/
2001 can be cleaved by furin, with cleavage dependent on the Lys
(K) residue adjacent to the cleavage site Arg (R). However, the
efficiency of HA cleavage was only apparent under high furin ex-
pression conditions, with cleavage directly proportional to furin
expression level in the cells. Notably, we found that the removal of
glycosylation site 13, a mutation already present in certain HON2
field strains (e.g., A/chicken/Iran/THLBM865/2007), leads to the
efficient activation of A/chicken/Israel/810/2001 by endogenous
furin, showing the potential for a defined constellation of muta-
tions that impact HA activation. Given the geographic proximity
in the sources of these two virus strains in the Middle East, our
data highlight the possibility of novel H9 viruses emerging in the
field, with increased pathogenicity.

Previous studies have characterized the cleavage activation of
HO9 viruses with tribasic versus dibasic cleavage sites (i.e., quail/
Shantou) and have demonstrated the cleavage of HAs with both
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cleavage site types by human respiratory proteases (matriptase,
TMPRSS2, and HAT) but not by furin (31). It remains to be de-
termined whether an R-S-R-R or R-S-K-R sequence is inter-
changeable from the perspective of furin cleavage under overex-
pression conditions and the ability to integrate with glycosylation
site changes. The highly similar (although not identical) furin pre-
diction scores for the two sequences indicate that both would be-
have in an equivalent manner. It is unclear why viruses with a
R-S-K-R cleavage site, compared to R-S-R-R, have been found to
circulate more widely in nature; this could be due to other changes
in HA or other genes or to the poultry production practices in
different locations.

Despite the ubiquitous expression of furin, expression levels
vary in different cell types, which can be an important determi-
nant for viral infection. As previously shown for infectious bron-
chitis virus, the level of furin in cells can be a determining factor of
their susceptibility to infection (47). Furin levels can also be al-
tered by different triggers. Furin promoter can be upregulated by
3- to 400-fold under hypoxia and iron depletion conditions, re-
spectively (27, 48), which is similar to if not higher than the level of
expression produced in our experiments. Also, viral infection, in-
cluding H5N1 HPAI infection, can induce the expression of a
transcription factor, hypoxia-inducible factor 1 (HIF-1), which
positively regulates the expression of multiple genes, including
furin (49). Furthermore, bacterial infections, such as Staphylococ-
cus (50) and Pseudomonas (51) infections, which are prevalent in
farmed poultry, can also induce HIF-1 and subsequent furin ex-
pression. Such induction may allow an unusually high level of
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furin to activate HA containing R-S-K-R or R-S-S-R cleavage sites
that are inert to furin cleavage under normal circumstances. This
may also explain the higher mortality and morbidity rate of HON2
in farmed poultry compared to specific-pathogen-free chickens.
The expression level of furin also varies among tissues, with kid-
neys being one of the tissues with relatively high expression of
furin, and may account for the rare event of HON2 being able to be
nephrotropic (52-54).

Avian influenza viruses are grouped into two main categories:
low-pathogenicity avian influenza viruses (LPAI) and highly
pathogenic avian influenza viruses (HPAI). Transition from LPAI
to HPAI is thought to be mediated by a series of mutations within
the viral genome. Although some hallmark mutations of HPAI
have been characterized, including a polybasic cleavage site for H5
and a cleavage site insertion of H7, the evolution pathway of H9
viruses to become more pathogenic has yet to be fully determined.
Over the past decade, several HON2 outbreaks have shown some
intermediate viruses that are certainly more pathogenic than ge-
neric LPAI but are below the threshold of being HPAI (10-12, 17).
These viruses may serve as intermediates of the H9 evolutionary
pathway, allowing the virus to evolve and become more patho-
genic. From our data, we show that the constellation of mutations
N15T and S321K allows HA to be activated by endogenous furin.
Our data and other previous reports suggest that H9 HA is able to
accommodate a polybasic site or an 11-amino-acid insertion and
still be functionally cleaved by endogenous furin. However, such
dramatic changes of H9 HA seem to be deleterious at the level of
virion. From our pseudovirus transduction assays, we noticed big
drops in PV infectivity (~1 to 2 log in RLU) of these HAs com-
pared to the WT Israel810 HA, which indicates a decrease in viral
fitness. This observation may contribute to explaining the puz-
zling observation that an insertion of a polybasic cleavage site in
H9 HA does not convert the virus to HPAI. Our study suggests
that a better characterization at the molecular level of influenza
virus would help elucidate the broad spectrum of avian influenza
virus virulence. For instance, terms such as “moderately patho-
genic avian influenza virus” (MPAI) might be used to describe
viruses that are more pathogenic than LPAI and show biological
features associated with high virulence but do not meet the spe-
cific requirements of HPAI set by the OIE. Our studies illustrate
that some MPAI, especially HON2 influenza viruses, require a
more thorough examination than just bioinformatics analysis.

HPAI is a generalized phenotype determined by series of com-
plex genotypic changes in influenza virus. HPAI can arise through

two long boxes, and below are the three HPAI mimicking HAs:
Israel810HA-H5 polybasic (PB), Israel810HA-H7 insertion plus tribasic site
(Insert+TB), and Israel8 I0HA-H7 insertion plus di-basic site (Insert+DB).
(B) Representative Western blot of the HPAI-mimicking HA by surface bio-
tinylation. (C) Quantification of HA cleavage in Fig. 7B. Error bars represent
one SD from three independent experiments. (D) Quantitative HA-mediated
PV transduction assay of the HPAI-mimicking HAs. PVs with the HPAI-mim-
icking HAs were produced as described in Materials and Methods. Harvested
PVs were used to infect MDCK cells, and luciferase activities were used as the
indicator of transduction efficiency and HA-mediated membrane fusion. Er-
ror bars represent one SD from three independent experiments. Statistical
analyses and notations are as described in Fig. 5A. (E) Summary of PV trans-
duction efficiency (expressed as RLU) in MDCK cells after trypsin treatment.
Each value was deduced from the corresponding column from Fig. 5A and Fig.
7D and represents the mean of at least three independent PV transduction
assay experiments.
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different combinations of mutations; therefore, it is predicted that
a single mutation would not allow the virus to become HPAI As
shown by other groups, insertion of a polybasic site in H9 HA is
not enough to convert the virus from LPAI to HPAI (32, 55). Our
results indicate that efficient cleavage activation of an H9 HA by
endogenous furin can be achieved by a combination of a tribasic
cleavage site (R-S-K-R) and a loss of a glycosylation site at HA,;
residue 13. Each of these features are found individually in nature,
and our data show that the combined changes can be tolerated by
the HA protein in terms of the folding, stability, and formation of
particles. Whether this mutation combination translates into a
highly pathogenic virus remains to be tested. Such studies should
only be carried out under highly prescribed biosafety conditions
and with appropriate administrative oversight. At present, our
work is important in the context of influenza pandemic planning.
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